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 Abstract 
The goal of this project is to determine the relationship between preheat temperature and phase 
balance of austenite and ferrite in the heat affected zone (HAZ) of a dissimilar thickness weld 
made of Sandvik SAF 2205 duplex stainless steel (DSS). Various preheat temperatures were 
applied (no preheat, 63°C, 98 °C, 141 °C, 181 °C, and 214 °C) to a 2-inch thick plate that was 
welded to a 0.072-inch thin sheet, with a 0.125-inch standoff, using manual gas tungsten arc 
welding (GTAW). Welding variables (voltage, amperage, and travel speed) were recorded and 
thermocouples were placed along the backside of the weld, underneath a purging tube of pure 
argon. For each preheat temperature, a sample was sectioned between the thermocouples and 
underwent metallography. Phase analysis and microhardness testing were performed at five 
locations across the weld: thick plate, thick plate HAZ, weldment, thin sheet HAZ, and thin 
sheet. The percentage of austenite and ferrite was determined using IQ Material software. 
Microhardness testing was performed in accordance with ASTM E384-17. Welding parameters 
and thermocouple data were used to calculate heat input and the resulting cooling rates. Results 
indicated the weldment and HAZ zones did not sufficiently improve their phase balance as 
preheat temperature increased. Inconsistencies in the welding parameters resulted in a variance 
of heat input between preheat temperatures, which influenced cooling rates. Since the cooling 
rate directly affects the phase balance, a relationship between preheat temperature and phase 
balance could not be determined. 
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 1. Introduction  
Chevron is a global, oil and gas company committed to providing safe and reliable operations 
while processing petroleum products. Throughout the refinement process, multiple heat 
exchangers are required to transfer thermal energy at various pressures and temperatures. The 
mechanism of exchanging thermal energy can occur in three ways: between two or more fluids, 
between a solid surface and a fluid, or between solid particulates and a fluid.​[1] ​To make the 
refining process as efficient as possible, an optimal heat exchanger must have excellent thermal 
efficiency and stability, corrosion resistance and minimum evaporative loss.​[2] ​Regardless of the 
design, heat exchangers typically have long service life while requiring little to no 
maintenance.​[3]​ However, Chevron currently is seeing cracks in the heat affected zone (HAZ) of 
the joint between the tubes and tubesheet with their U-tube (also known as shell-and-tube) heat 
exchangers, manufactured from Sandvik SAF 2205 Duplex Stainless Steel, Figure 1.  
 
 
Figure 1: Schematic of U-tube heat exchanger; red arrows indicate the flow of  
hot fluid and blue arrows indicate cold fluid flow.​[4]  
 
2. Literature Review 
2.1 U-Tube Heat Exchanger  
Implied by the name, the design of a U-tube heat exchanger is comprised of a  “U” tube bundle 
connected to a tubesheet. For this type of heat exchanger, heat is exchanged when hot fluid flows 
around the tubes and cold fluid flows inside the tubes at high pressure.​[4]​ Depending on the size 
of the heat exchanger, there can be dozens to hundreds of tubes all connected to a single 
tubesheet, Figure 2.  
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Figure 2: Schematic of a closer look at the tube-to-tubesheet connection.​[5]  
 
This connection is produced using gas tungsten arc welding (GTAW), a welding process that 
uses a non-consumable electrode to sustain an arc which melts and joins two pieces of metal 
together, Figure 3. In this particular application, filler rod is added and used to improve alloy 
composition within the weldment. Shielding gas, typically pure argon, surrounds the 
non-consumable electrode to protect the weld from oxidation.  
 
 
            Figure 3: Diagram showing the elements necessary for the GTAW welding process.​[6]  
 
The tube-to-tubesheet weld connects a thin pipe (< 0.125​″ ​thick) to a thick tubesheet (> 2​″ thick​). 
The tubesheet draws the majority of the heat away from the tube-to-tubesheet weld via 
conduction, Figure 4. This heat sink effect causes the weld and HAZ to experience fast cooling 
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 rates, which results in undesirable properties and leads to crack formation at the joint. Currently, 
Chevron uses Sandvik SAF 2205 duplex stainless steel (2205 DSS) as the material for both the 
tube and tubesheet. 
 
(a)   (b)  
Figure 4: Schematic of (a) the cross-section of a tube-to-tubesheet connection and (b) an enlarged view of the joint.  
 
2.2 2205 Duplex Stainless Steel  
2205 DSS is made up of two phases: austenite and ferrite. The chemical composition of 2205 
DSS is listed in Table I. This alloy is commonly used in the oil and gas industry because it has 
relatively high mechanical strength and high resistance to stress corrosion cracking, crevice 
corrosion, and pitting.​[7] ​The major alloying elements, such as Cr, Ni, Mo, and N, play an 
important role in improving the strength and corrosion resistance of the material. Chromium 
allows the formation of a passive oxide film, which increases the alloy’s resistance to general 
corrosion. Molybdenum in combination with chromium improves the resistance to pitting 
initiation and crevice corrosion. Molybdenum also stabilizes the passive film formed in the 
presence of chloride. Nickel effectively promotes repassivation of the oxide film and nitrogen 
greatly enhances pitting resistance.​[8]​ In addition to improving corrosion resistance, these 
alloying elements play an important role in determining the microstructure. Chromium and 
molybdenum are ferrite stabilizers while nickel and nitrogen are austenite stabilizers. 2205 DSS 
requires a proper balance of austenite and ferrite stabilizers to form a desirable microstructure. 
 
Table I: Chemical Composition of Sandvik SAF 2205 DSS​[​7] 
Elements C max Si max Mn max P max S max Cr Ni Mo N 
(nominal) % 0.030 1.0 2.0 0.030 0.015 22 5 3.2 0.18 
 
Page 7 
 2205 DSS microstructures ideally consist of a 50/50 phase balance of austenite and ferrite, which 
produces the desired strength and corrosion resistance. Figure 5a shows this balanced 
microstructure and austenite can be seen as the light islands within a darker ferrite matrix.  
 
However, this phase balance can be altered when the material undergoes rapid thermal changes 
for example, during welding. Figure 5b shows the interface between the base metal and HAZ, 
while the HAZ has a visibly lower austenite content. According to several industry standards, a 
suitable range of austenite content is anywhere between 35 - 70%.​[9][10]  
 
  
(a)         (b) 
Figure 5: Micrographs of the (a) thick plate and the (b) thick plate HAZ, where austenite (α) is the lighter region and 
ferrite (γ) is the dark region. 
 
A 70 wt% Fe-Cr-Ni pseudo phase diagram is useful in understanding the basic principles of how 
duplex microstructures are formed, Figure 6. Upon cooling from liquid, the material solidifies as 
nearly all ferrite and then the majority austenite formation and growth occur between 1200 - 
800°C.​[11]​ Therefore, increasing time spent cooling between 1200 - 800°C can increase the 
amount of austenite upon cooling.  
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Figure 6: A Fe-Cr-Ni pseudo phase diagram for 70 wt.% Fe. ​[12] 
 
One way to reduce the cooling rate is to increase the heat input of the welding process. Another 
method, widely used in industry, is preheating the base material before welding. However, 2205 
DSS can readily form detrimental and embrittling phases when exposed to elevated temperatures 
above 300°C for long periods of time, Figure 7. This problem is well known and is the reason 
why a maximum weld interpass temperature of 250°C is recommended.​[7]​ Interpass temperature 
is the measured temperature of the base material which is equivalent to preheat temperature. 
 
 
Figure 7:  Time-temperature-transformation diagram showing embrittling phases  
that can occur after sufficient exposure to elevated temperatures.​[13]  
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 3. Problem Statement 
Determine the relationship between cooling rate and phase balance in the HAZ and weldment of 
2205 DSS, by varying preheat temperature on a 2​″​ thick plate that is welded, using a fillet weld 
with a 0.125​″​ standoff, to a 0.075​″​ thin sheet using GTAW. 
 
4. Experimental Design 
4.1 Welding Parameters 
Six single pass welds were manually welded using GTAW on 2205 DSS with different preheat 
parameters: no preheat (20°C), 63°C, 98°C, 141°C, 181°C, and 214°C. A sample with no preheat 
established a baseline and an upper limit of 214 °C was chosen to avoid forming detrimental 
phases. A fillet weld, with a 0.125​″ standoff gap, was used​ to ensure full penetration and to 
simulate the tube-to-tubesheet connection. ER2209 filler rod, which contains 4% more nickel 
than 2205 DSS, was used because the increased nickel content stabilizes austenite in the 
weldment. A 0.075​″ ​thin sheet ​was used to represent the tube and a large 2″ thick plate was used 
to represent the tubesheet, Figure 8.​ Samples were then manufactured by Chevron using pure 
argon as a shielding gas and purging gas. Welding parameters (voltage, amperage, and weld 
speed) were recorded for each sample. Additionally, thermocouples were attached on the 
backside of the weld, on the thick plate, to monitor preheat temperatures and to record cooling 
rate data.  
 
 
Figure 8: Front view schematic of the weld and thermocouple placement. 
 
4.2 Metallographic Preparation  
Samples were numbered in accordance with increasing preheat temperatures, Sample 1 had no 
preheat and Sample 6 underwent a 214 °C preheat. All samples were rough cut and sectioned 
using a horizontal band saw and an abrasive cutoff saw, respectfully. Sample 2 was sectioned 
into three pieces to examine if the microstructure changes across the weld. The letter A 
represents the section before the thermocouple placement, B represents the section in between 
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 the thermocouples, and C represents the section after the thermocouple placement, Figure 9. The 
remaining samples were only sectioned between the thermocouples. 
 
 
Figure 9: A front view schematic of Sample 2 which had three samples cut out of it. 
 
Each sample was mounted with an Allied mounting press machine using Bakelite, a 
thermosetting resin. The edges of the Bakelite mount were chamfered on a horizontal belt 
grinder. The surface of each Bakelite mount sample was ground on increasingly finer silicon 
carbide abrasive papers (200, 320, 400 and 600 grit). Abrasive polishing wheels were used to 
polish the samples from 6 to 1 μm on TECH-Cloth and Final-POL, respectively. Both wheels 
used a diamond, ​water-based polycrystalline ​suspension and Forgeng solution (80% ethylene 
glycol, 10% ethanol, and 10% H​2​O) was used for additional lubrication and suspension. Each 
polished sample was then electrolytically etched with a 10 wt% oxalic acid aqueous solution at 3 
volts for 4 seconds. 
 
4.3 Optical Microscopy 
Microstructures of the sample were examined under an Olympus optical microscope and 
captured by Image-Pro Express software. Five locations within the sample were identified and 
investigated: thick plate, thick plate HAZ, weldment, thin sheet HAZ, and thin sheet, Figure 10. 
For each sample, 3 micrographs at 100x were taken at the thick plate and 4 micrographs at 100x 
were taken at the weldment. Within the thick plate HAZ and thin sheet HAZ, 8 micrographs at 
200x. Lastly, 4 micrographs of the thin sheet at 500x were taken. More micrographs were taken 
at HAZ zones because they are the regions of interest. A higher magnification was necessary for 
the HAZ and thin sheet because of their finer microstructures. 
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Figure 10: Schematic of a sample mounted in bakelite outlining the five zones of interest. 
 
4.4 Phase Analysis 
A software called IQ Materials was used to determine the phase balance of austenite and ferrite. 
Micrographs were split in half due to variation in light distribution on the micrograph. 
Thresholding was then used to calculate the phase constituents of each half. Figure 11 illustrates 
how the image was split and how thresholding was applied. The two data points obtained from 
each image were averaged to produce one data point per micrograph. Over 300 micrographs 
were analyzed in this manner and an average austenite content was determined for each zone of 
interest. To complete the phase analysis, the standard deviation was calculated and a plot of % 
austenite versus preheat temperatures was conducted and analyzed for each zone of interests. 
 
 
Figure 11: An example of how the micrograph was being analyzed on IQ Material software. 
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 4.5 Microhardness Testing 
Vickers microhardness testing was performed with a Buehler 1600-6106 manual microhardness 
tester in a vertical line through the five zones across the weld. This method was chosen to see if 
microhardness varied across the weld. Microhardness testing was performed in accordance with 
ASTM E384-17​[14]​. A 300-gram force (gf) was chosen with a 10 second indentation period to test 
the combination hardness of the two phases.  
 
4.6 Analysis of Heat Input and Cooling Rate 
Since the cooling rate is proportional to the inverse of preheat temperature and heat input, 
altering preheat while maintaining a controlled heat input is important. To determine if the 
applied heat input between each sample is constant, the heat input was calculated using the 
following equation: 
                                                              (1)H = 1000×S
V ×A×0.6  
where H is the heat input (kJ/mm), V is voltage (V), A is current (A), 0.6 is welding efficiency 
for GTAW, and S is welding speed (mm/sec).​[15]​ After the heat input was determined, the 
maximum cooling rate measured at the thermocouples was calculated using the following 
equation: 
 ​                                                           (2)R = H
2πk(T −T )p o 2  
where R is cooling rate (°C/sec), k is thermal conductivity (W/m．K​-1​), T​p​ is peak temperature 
measured at the thermocouple (°C), and the T​o​ is initial plate temperature (°C).​[16] 
 
5. Results 
5.1 Microstructures 
Micrographs revealed the thick plate had a typical 2205 DSS microstructure of austenite grains 
surrounded by ferrite, Figure 12a. The two HAZ zones contained a finer formation of γ and α, in 
addition, Widmanstatten γ formed along prior α grain boundaries, Figures 12b and 12d. The 
weldment consisted of the same microstructures found in the HAZ zones, along with 
idiomorphic γ and allotriomorphic γ, Figure 12c. Idiomorphic γ was formed within prior ferrite 
grains while allotriomorphic γ was formed along prior ferrite grain boundaries. The thin sheet 
consisted of elongated γ and α due to a prior rolling process, Figure 12e.  
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 (a) (b)  
(c)  
(d) (e)  
Figure 12: Micrographs of (a) thick plate examined at 100x, (b) thick plate HAZ examined at 200x, (c) weldment 
examined at 100x, (d) thin sheet HAZ examined at 200x, and (e) thin sheet examined at 500x. 
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 5.2 Phase Analysis 
Sample 2 (63 °C) was sectioned at three different locations to determine if the austenite content 
was different along the length of the weld. Phase analysis with a 95% confidence interval (CI) 
conducted on Samples 2A, 2B, and 2C revealed that the austenite content was similar between 
each zone of interest, Figure 13. Since there was no major variance in austenite content along the 
length of the weld, the rest of the samples were sectioned once between the thermocouples. 
 
 
Figure 13: A bar chart of an average % austenite within each zone of Samples 2A, 2B, and 2C with a 95% CI. 
 
Phase analysis revealed the thick plate consisted of the most desirable phase ratio followed by 
the thin sheet, thin sheet HAZ, weldment, and thick plate HAZ, Figure 14. The thick plate 
consisted of an average of 46% austenite, the thin sheet consisted of an average of 36% austenite, 
the weldment and HAZ zones contained an average austenite content of less than 35%. 
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Figure 14: A plot of average % austenite within each zone vs preheat temperature. 
 
Since the goal of this project is to determine which preheat can improve the austenite content, a 
95% CI was applied on the weldment and two HAZ zones to analyze the variation of the data. 
The 95% CI revealed that the % austenite in the weldment and thick plate HAZ had little to no 
improvement in phase ratio as the preheat increased, Figures 15 and 16. Meanwhile, the thin 
sheet HAZ showed a small increase in % austenite as the preheat temperature increased, Figure 
17.  
 
 
Figure 15: A plot of average % austenite vs preheat temperature with a 95% CI on thick plate HAZ. 
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Figure 16: A plot of average % austenite vs preheat temperature with a 95% CI on weldment. 
 
 
Figure 17: A plot of average % austenite vs preheat temperature with a 95% CI on thin sheet HAZ. 
 
5.3 Microhardness Testing 
Microhardness results revealed no significant change in microhardness as the preheat increased, 
Figure 18. However, the data revealed the thick plate was significantly softer (229 - 238 HV) 
compared to other zones because of its larger grain size. The weldment had the highest average 
microhardness (260 - 271 HV) due to the fine structure and three different formations of 
austenite. Additionally, the two HAZ zones were relatively hard (244 - 274 HV) due to the 
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 formation of Widmanstatten γ, and the thin sheet was hard (248 - 260 HV) due to its fine grain 
structure. Lastly, microhardness results revealed significantly softer regions which occurred 
randomly within the weldment and HAZ zones.  
 
 
Figure 18: A plot of average microhardness within each zone vs preheat temperature. 
 
5.4 Heat Input and Cooling Rate 
Variation in welding parameters between each sample resulted in varying heat inputs, Table II. 
Sample 4 ended up having the highest heat input (0.83 kJ/mm) followed by Sample 1 (0.81 
kJ/mm), Sample 2 (0.72 kJ/mm), Sample 3 (0.69 kJ/mm), Sample 6 (0.68 kJ/mm), and Sample 5 
(0.59 kJ/mm). 
 
Table II. Calculated Heat Input  
Sample 1 2 3 4 5 6 
Preheat Temperature (°C) 20 63 98 141 181 214 
V (V) 10.8 10.8 10.8 11 10.6 11.2 
A (A) 85 75 75 75 75 75 
S  (mm/sec) 0.7 0.7 0.7 0.6 0.8 0.7 
H  (kJ/mm) 0.81 0.72 0.69 0.83 0.59 0.68 
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 Sample 3 produced the fastest cooling rate (78.1 °C/sec), followed by Sample 6 (56.7 °C/sec), 
Sample 2 (56.5 °C/sec), Sample 5 (49.4 °C/sec), and Sample 1 (31.9 °C/sec), Table III. Since the 
thermocouples were not placed at a constant distance away from the weld, the recorded peak 
temperature of each sample is not relative to each other. This relationship can be seen when 
comparing Sample 3 and 5. Sample 3 had a lower higher heat input compared to sample 5. 
However, Sample 3 consisted of a higher peak temperature (957 °F) compared to Sample 5 (886 
°F), making it resulted in a much faster cooling rate instead, Table III.  
 
Table III. Calculated Cooling Rate 
Sample 1 2 3 4 5 6 
Preheat Temperature (°C) 20 63 98 141 181 214 
T​p​ (°C) 314 424 514 - 475 575 
T​o ​(°C) 28 64 102 - 170 225 
k (W/m．K​-1​) 15.5 15.5 15.5 - 15.5 15.5 
H (kJ/mm) 0.81 0.72 0.69 0.83 0.59 0.68 
R (°C/sec) 9.8 17.5 24.1 - 15.3 17.5 
 
The bar chart of percent austenite vs cooling rate revealed that the variation in cooling rate did 
not explain the increase in austenite content, Figure 19. The horizontal axis of the cooling rate 
corresponds to the preheat levels from no preheat to 214 °C. A bar chart was selected because it 
displayed the randomness of the resulting cooling rates. The location of the thermocouples limits 
the application of the cooling data to the thick plate.  
 
 
Figure 19: A bar chart of average austenite within weldment and HAZ zones vs cooling rate. 
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 6. Discussion 
Theoretically, maintaining a constant heat input while increasing the preheat temperature, slows 
down the cooling rate. However, as previously discussed, there were variations within the 
welding parameters between each sample. This resulted in varying heat inputs and cooling rates. 
Additionally, the thermocouple locations were too far away from the weld to get accurate 
readings of thermal data. Therefore, a relationship between cooling rate and preheat temperature 
could not be determined. To prevent this from happening in the future, it is recommended to 
repeat the experiment with a constant, higher heat input because austenite content did not 
significantly improve at the tested heat inputs and preheat temperatures. Additionally, 
thermocouples should be placed closer to the weldment to get more reliable thermal data. It is 
also recommended to test at a higher range of preheat temperatures from 200 - 350 °C. However 
when testing this range of preheat temperatures, potential detrimental phases may occur. When a 
suitable range of preheats has been determined mechanical and corrosion testing is recommended 
to confirm the material meets industry standards. 
 
7. Conclusions 
1. The welding parameters used in this experiment did not sufficiently slow down the 
cooling rate during the austenite formation zone, therefore, the suitable austenite content 
of 35 - 70% was not achieved. 
2. 2205 DSS microstructures are sensitive to welding parameters. A small variance in the 
welding parameters can lead to a large change in cooling rate and austenite content. 
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